Event horizons are the defining feature of classical black holes. They are the key ingredient of the information loss paradox which, as paradoxes in quantum foundations, is built on a combination of predictions of quantum theory and counterfactual classical features: neither horizon formation nor its crossing by a test body is observable. Furthermore, horizons are unnecessary for the production of Hawking-like radiation. We demonstrate that when this radiation is taken into account it prevents horizon crossing/formation in a large class of models. We conjecture that horizon avoidance is a general feature of collapse. The non-existence of event horizons dispels the paradox, but opens up important questions about thermodynamic properties of the resulting objects and correlations between different degrees of freedom.
Event horizons -null surfaces bounding spacetime regions from which signals cannot escape -are the defining feature of classical black holes [1, 2] . They are built into quantum black hole models, beginning with semiclassical quantum field theory on curved backgrounds and reaching to loops and strings [1, 3] . The foremost prediction of the semi-classical theory is emission of Hawking radiation [4] . Its original derivation relied on the existence of an horizon. Identification of surface gravity at the horizon with temperature [1, 5] completed black hole thermodynamics, but inadvertently formented the information loss paradox, perhaps the longest-running controversy in theoretical physics [5] [6] [7] .
Event horizons provide the most obvious causal decomposition of spacetimes, and motivate the tensor product structure of the Hilbert spaces of gravity and matter states. When matter collapses into a black hole, it evaporates via Hawking radiation within a finite time. If quantum correlations between the inside and outside of the black hole horizon are not restored during the evaporation, then this evolution of low-entropy matter into high-entropy radiation implies information loss [5] . This problem is described as a paradox [1, 6, 8] because a combination of information-preserving theories -quantum mechanics and general relativity -ostensibly leads to a loss of information.
According to a distant observer (Bob) both formation of black holes from collapsing matter and their absorption of test particles take an infinite amount of time. Bob's clock indicates that approach to the Schwarzschild radius r g = 2M is exponentially slow. Still, after at most a few dozen multiples of light-crossing time r g , he cannot receive signals from Alice (an observer co-moving with * Electronic address: valentina.baccetti@mq.edu.au † Electronic address: rbmann@uwaterloo.ca ‡ Electronic address: daniel.terno@mq.edu.au the matter who is initially at (or near) its edge); the redshift requires that the energy of any such detected signal is greater than the mass of the black hole. Hence for external observers formation of an event horizon or its crossing are in principle unobservable [9] .
Consequently co-moving Alice's experiences, like crossing the Schwarzschild radius, become counterfactual. Her clock readings indicate that the collapsing matter or test particle cross r g in a finite time ∆τ , proving that coordinate systems employing time at infinity are geodetically incomplete. As Alice cannot communicate her clock readings to Bob, this is an experimentally unverifiable consequence of the formalism of general relativity. Nevertheless, finite proper crossing time promotes the event horizon and, by extension, the quantum states associated with black hole horizon and interior, from convenient mathematical concepts to physical entities.
Counterfactual reasoning, not illegitimate in itself, is nevertheless responsible for many paradoxes of quantum mechanics, particularly when intuitively reasonable features of classical theory are combined with elements of quantum formalism [10, 11] . The information loss paradox is built from the same components.
Event horizon was employed in the original derivation of Hawking radiation in a static spacetime [1, 6] , but can be dispensed with in a dynamical spacetime of collapsing matter. Numerical studies and analytic results, such as [12] [13] [14] [15] [16] , establish the existence of a pre-Hawking radiation. Once its effects are taken into account, the Schwarzschild radius becomes unattainable.
To demonstrate this, consider a massive thin shell, whose classical physics is well-understood [17] . Spacetime inside the shell is flat, and we may use here standard Minkowski coordinates (t − , r − ). The exterior geometry is described by the Schwarzschild metric
where f (r) = 1 − r g /r. The shell's trajectory is parameterized by Alice's co-moving proper time T (τ ), R(τ ) and T − (τ ), R − (τ ) , in exterior and interior coordinates respectively. The dynamics is obtained with the help of the two junction conditions [17] . The first junction condition requires the induced shell metric to be the same on both of its sides, implying the identification R − (τ ) ≡ R(τ ). Discontinuity of the extrinsic curvature is described by the second junction condition, and once supplemented by the surface stress-energy tensor it leads to the equations of motion of the shell. For pressureless dust the equations are simple enough to have an analytic solution τ = τ (R) that demonstrates a finite horizon crossing time τ (r g ).
There is no ready-made prescription that provides the expectation value of the stress-energy tensor that feeds into the Einstein equations and self-consistently produces a metric. However, such quantum effects should be expressible in terms of an expectation value of the stress energy tensor and a corresponding consistent metric of the form [9] 
that describes spacetime outside the evaporating shell, where the functions k(t, r) and f (t, r) = 1 − C(t, r)/r satisfy certain mild restrictions. Even without knowing the explicit form of these functions it is possible to draw conclusions about the shell's dynamics. We assume that (i) 0 ≤ C < ∞ with C(t, r) > 0 for t < t E < ∞, where t E is the evaporation time, and ∂C/∂t < 0 as long as C > 0, ensuring finite positive gravitational mass, positive energy density and positive flux at infinity; (ii) k(t, r) is continuous; (iii) the metric has only one coordinate singularity, namely a surface given by f (t, r) = 0. This surface is located at the Schwarzschild radius r g (t), that is implicitly defined by r g ≡ C(t, r g ).
By monitoring the gap between the shell and the Schwarzschild radius [18] ,
we discover how evaporation modifies the classical shell dynamics. The above assumptions imply [19] C(t, r) = r g (t) + w(t, r) r − r g (t) ,
where the functions w(t, r) and r g (t) are constrained by (i)-(iii). In particular, they satisfy the inequalities w(t, r g ) < 1 and dr g /dt < 0. Since massive particles move on the time-like trajectories, components of the shell's four-velocity satisfẏ
where K = k T (τ ), R(τ ) . Close to the Schwarzschild radius we expand F andṪ in powers of 1/x obtaining [19] ẋ
where the scale of a potential horizon avoidance [19] is set by
with W (T ) := w T, r g (T ) . The gap (3) decreases only as long as ǫ * < x. As a result, while it decreases, R > r g + ǫ * . If the distance between the shell and the Schwarzschild radius is reduced to x = ǫ * , it cannot decrease any further. In either case from distant Bob's viewpoint the shell is still stuck within a slowly changing coordinate distance ǫ * from the slowly receding Schwarzschild radius. For co-moving Alice the collapse accelerates, but never enough to lead to horizon crossing.
Using the outgoing Vaidya metric as an example [19] makes is straightforward to show that Alice will see the evaporation rateĊ vanish if and only if Bob does. In such a case ǫ * → 0, and an horizon forms. During the ongoing evaporation, since the gap x never vanishes anḋ R increases but remains finite for finite x, Alice will see the radiation flux grow to some maximal value contingent on the properties of the shell. This could be regarded as a firewall with a natural upper cut-off [19] , providing a possible realization of the firewall acting via 'internal conversion' [7] .
In other words, r g is a hypothetical surface that the shell gets very close to but never crosses. Neither trapped surface, nor horizon nor singularity ever form. The distance ǫ * ∝ C −1 [18] grows as the shell evaporates. If the radiation stops at some point, then the remaining shell will collapse into a black hole.
We can use this result to understand how emission of the pre-Hawking radiation modifies Oppenheimer-Snyder collapse [19] . The simplest scenario involves an initially uniform distribution of pressureless dust [2, 17, 20] that is also not interacting with the pre-Hawking radiation field. Without evaporation the interior metric is that of the Friedmann-Lemaître-Robertson-Walker closed universe, and its parameters are obtained by matching with the Schwarzschild metric outside.
Assuming the dynamics modified by the pre-Hawking radiation is such that individual layers of dust do not cross, the initial parametrization by the radial coordinate χ fixes their co-moving radius. Each layer can be parameterized as T χ (τ ), R χ (τ ) , where τ is common comoving time for the matter. Each particle still moves along a geodesic, and at each layer the metric is of the form of Eq. (2) with the appropriate functions, such as f χ T χ (τ ), R χ (τ ) . The Schwarzschild radius that any given layer could potentially cross is r χ g T χ (τ ) ; the previous discussion ensures that this cannot happen in finite τ [19] .
Our results are consistent with the existence of supercompact objects ("black holes without horizon"), such as proposed in [21, 22] or fuzzballs [23] on the one hand, and with general arguments that the putative event horizon is destroyed by quantum effects [9, 24] on the other. It is reasonable to conjecture that horizon formation does not take place for collapsing objects in any configuration, provided that the pre-Hawking radiation is taken into account and appropriate energy conditions are assumed.
The horizon avoidance scale ǫ * is sub-Planckian, therefore one would expect that from the point of view of a distant observer (Bob), the predictions of this model are indistinguishable from pure classical collapse. However, as indicated by the results in [25] , the qualitatively different nature of the resulting objects could potentially be detected via gravitational waves.
If event horizons are absent, what of the information loss paradox? The standard Penrose diagram illustrating black hole creation and evaporation includes an event horizon, its crossing by some matter, and eventual evaporation -this is clearly inapplicable [8] . Approaches endeavouring to preserve unitary dynamics that are based on the analysis of matter alone require both an horizon and a singularity and so are not applicable as well. Indeed, our results strengthen the point of view that fully quantized joint gravity-matter dynamics must have unitary time evolution, particularly for systems that have a well-defined classical Hamiltonian, and so there cannot be any overall information loss [8, 26, 27] . The information loss paradox then goes the way other quantum paradoxes.
Even if there is no paradox, important unanswered questions remain. How does entanglement (and more general types of quantum correlations) get distributed between the tripartite system of gravity/early modes/late modes? Bekenstein-Hawking black hole entropy S BH = A/4 = πr 2 g is a quarter of the horizon area in Planck units. If event horizons do not correspond to asymptotically reachable states of collapsing matter, what are the thermodynamic properties of the resulting ultra-compact objects?
